Thirteen strains of Thermus isolated from New Zealand hot pools were screened for their ability to grow on minimal or near-minimal media and to exhibit extracellular protease activity. Environmental regulation of protease production by one such strain, Thermus Ok6, was investigated in detail. Protease activity was maximally derepressed during growth under conditions which lead to energy starvation (i.e. highly oxidized carbon substrate, oxygen limitation, slow growth rate and a high external pH), and was variably repressed by different nitrogen sources. These results suggest that the function of the enzyme is to scavenge carbon/ energy and nitrogen. The protease was loosely attached to the cell under these growth conditions but could be released by growing the organism in high concentrations of trypticase peptone plus yeast extract, by exposing the culture to moderate shear forces or by washing cells in high ionic strength solutions of various inorganic salts, organic acids or amino acids. A simple and rapid procedure for the partial purification of the enzyme is described.
INTRODUCTION
Enzymes from extremely thermophilic bacteria have excited increasing interest over the past few years, partly because of their potential use in various commercial processes. These enzymes are mainly extracellular hydrolases, and include proteases and various types of carbohydrate hydrolases (see, for example, Daniel et al., 1981 ; Cowan et al., 1985; Ng & Kenealy, 1986) .
Several thermophilic proteases have recently been purified from culture supernatants of Thermus isola$ed from hot pools in Japan and New Zealand. These include aqualysins I and I1 from Thermus aquaticus YT-1 (Matsuzawa et al., 1983) , caldolysin from T. aquaticus T351 (Cowan & Daniel, 1982) and caldolase from Thermus strain Tok3 (Saravani, 1985) . Multistep purification procedures were of necessity used in each case since the organisms were grown on protein-rich media for ease of cultivation. All of these extracellular enzymes are serine proteases which generally exhibit high specific activities and thermostabilities, are resistant to inhibition by detergents and organic solvents, and contain significant amounts of carbohydrate (Cowan & Daniel, 1982; Matsuzawa et al., 1983; Taguchi et al., 1983; Saravani, 1985) .
In contrast to the considerable effort that has been put into the biochemical characterization of Thermus proteases, very little is known about the physiology of protease production by this genus. In this paper we report the ability of selected New Zealand strains of Thermus to grow on minimal or near-minimal media, and describe the effect of growth conditions on the synthesis and localization of the protease from Thermus strain Ok6. A simple procedure for the partial purification of the enzyme is described.
METHODS

Bacterial strains.
Thirteen Thermus strains isolated from New Zealand hot pools were used, viz. T . aquaticus T351 (ATCC 31674) and ThermusOk6, Rtl, Rt4A1, OkJ, Wai6, OhAl, Wai8, Wai4, Rt6A1, Tok4Al (originally called Tok21), Tok9 (originally called Tok20) and Tok3 (see Hudson et al., 1986) . All strains were maintained on 7 Permanent address: Department of Biochemistry, University of Leicester, Leicester LE1 7RH, UK. Castenholz medium D (Castenholz, 1969) solidified with 1.75 % (w/v) agar (Coast Biologicals, Auckland, New Zealand).
Growth of bacteria. Bacteria were grown in batch culture at 70 "C on 162 salts medium (Degryse et al., 1978) supplemented with 5 mM-sodium/potassium phosphate buffer (pH 7.5), 10 mM-ammonium chloride and 0.3 % (w/v) carbon source (sterilized using a 0.22 pm pore filter). In some experiments this medium was supplemented with trypticase peptone (BBL) and yeast extract (Merck), or ammonium chloride was replaced by 10 mM-urea, as indicated in the text. For the production of high-aeration (excess-oxygen, exponential phase) cultures, 600 ml medium in a 2 1 baffled flask was inoculated with 5 ml pregrown culture and shaken at 200 oscillations min-l in an orbital shaker; for low-aeration (oxygen-limited) cultures, 45 ml medium in a 50 ml unbaffled flask was inoculated direct from a stock plate and shaken at 120 oscillations min-'. Culture density (mg dry weight ml-l) was determined by multiplying the optical density at 650 nm by 0-76 (Cowan, 1980) . Harvesting of bacteria and preparation of culturefiltrates and supernatants. Culture samples (approximately 3 ml) were filtered under hand pressure through a Tuffryn membrane filter of 0.45 pm pore size (Gelman) to yield a clear culture filtrate. Alternatively, 1.4 ml samples were centrifuged at 5300 g for 10 min in a bench-top microcentrifuge (Runne-Zentrifugen) or 10 ml samples were centrifuged at 13400 g for 10 min in an SS34 rotor of a Sorvall SS3 centrifuge, to give low and high speed culture supernatants respectively.
Proteaseactivity. This was assayed at 70 "C in a reaction mixture (1 ml final volume) which contained 0.6% (w/v) azocasein, 120 mM-HEPES/KOH or EPPSlKOH buffer, pH 7.0 (at 70 "C) and an appropriate amount of enzyme. The reaction was terminated after 1 h by the addition of 0.5 ml 15% (w/v) trichloroacetic acid, and the proteinaceous material was removed by centrifugation. The absorbance of the non-precipitable azopeptides produced as a result of the protease activity was measured at 440 nm and corrected using a reagent blank. Protease activity was expressed relative to the mass of cells in the culture from which the culture filtrate, culture supernatant or cell wash was derived, i.e. AA440 h-' (mg cells)-'.
Protein separation and analysis. Discontinuous SDS-PAGE was done by using the method of Laemmli (1970) using an LKB 2001 vertical slab-gel system in which the stacking and resolving gels contained 3% (w/v) and 10% (w/v) acrylamide respectively. Samples of culture supernatants or cell washes were boiled for 2 min in 0.06 M-Tris/HCl buffer, pH 6.8, containing 2% (w/v) SDS before being added to wells 2 to 9 in the stacking gel. M , standards (MW-SDS-200 kit, Sigma) were run in tracks 1 and 10, and bromothymol blue was used as a marker. Electrophoresis was done at a constant current of 90 mA at 15 "C, following which the gels were fixed in a methanol/acetic acid/water mixture (4 : 1 : 5, by vol.) before staining with Coomassie Blue and destaining.
Protease activity in the gel tracks was located following electrophoresis using a casein-agar gel overlay technique. A 1.5% (w/v) agar slab-gel containing 1.0% (w/v) casein was placed on the SDS-polyacrylamide gel for 60 min to allow cross-diffusion of the protein bands. The casein gel was then wrapped in plastic film and incubated overnight at 75 "C before staining with Coomassie Blue and destaining. Protease activity was detected as a colourless band on a blue background.
Presentation of results. Results are presented, where appropriate, as the mean & SEM with the number of independent determinations in brackets.
R E S U L T S A N D D I S C U S S I O N
Growth of Thermus strains on minimal media
Thirteen strains of Thermus isolated from New Zealand hot pools were examined for their ability to grow at 70 "C under low aeration in minimal medium supplemented with 0.3% (w/v) sucrose plus lactose plus glucose. Only strains Ok6 and Tok4 exhibited significant growth after 48 h under these conditions and in neither case was growth maintained beyond three to four subculturings. These results suggest that these two organisms require a trace growth factor which is present in the original plate inoculum but not in the liquid minimal medium.
Neither Thermus Ok6 or Tok4 was able to grow on glucose as the sole source of carbon, but both strains grew on sucrose and lactose. Thermus Ok6 was also able to grow on maltose, galactose, sorbitol, mannitol, acetate, pyruvate, butyrate, proline and glutamate as carbon sources (but not fructose, glycerol, succinate, tartrate, citrate, glycine, aspartate or lysine), and on ammonium chloride, urea, proline and glutamate as nitrogen sources (but not nitrate, acetamide or dinitrogen). As Ok6 generally grew better than Tok4 under the various conditions tested, this strain was selected for more detailed study.
In view of the requirement of Thermus Ok6 for an unknown factor to support prolonged growth, medium in excess of 50 ml was supplemented with trypticase peptone (0.005 %, w/v) and yeast extract (0.005%, w/v). The growth medium for the other strains of Thermus used in this IP: 54.70.40.11
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Nitrogen and carbon sources in growth medium* 1-08 f 0.05 (5) study was routinely supplemented with these concentrations of trypticase peptone and yeast extract irrespective of the volume of medium used.
Protease activity [AA440 h-l (mg cells)-']
Efect of growth conditions on the protease activities of culture Jiltrates of Thermus Ok6
Culture filtrates of Thermus Ok6 cultures grown under either high-aeration (excess oxygen, exponential phase) or low-aeration (oxygen-limited) conditions on various sources of carbon and nitrogen exhibited protease activities that were essentially identical to those of the unfiltered cultures. In all subsequent work, the activity of the culture filtrate is regarded as being 100% of the whole cell activity.
During high-aeration growth on sucrose-minimal medium the protease activities of culture filtrates were inversely related to the concentration of added trypticase peptone plus yeast extract, minimum activity occurring in the absence of the supplements and hence at low specific growth rate (Table 1) . During oxygen-limited growth ( p < 0.1 h-I), protease activity was high and independent of the concentration of trypticase peptone plus yeast extract. These results indicate that protease activity is enhanced by oxygen limitation and/or a slow growth rate.
The protease activities of culture filtrates prepared from Thermus Ok6 grown on minimal medium under low-aeration conditions varied by approximately fourfold depending on the nature of the carbon and/or nitrogen source, and the pH (Table 2) . Considerable variation in protease activity occurred within each group of carbon substrates investigated (carbohydrates, organic acids, amino acids) when ammonium chloride was used as the nitrogen source. The activity showed some inverse correlation with the degree of reduction of the carbon substrate within each group, calculated as the O/C ratio, and was also affected by the nature of the monosaccharides that were either produced from disaccharide substrates or were provided directly (glucose < fructose < galactose).
During growth on carbohydrates, organic acids or proline, protease activity was generally decreased to a basal level in the range 0.9 to 1.3 h-* (mg cells)-' when urea replaced ammonium chloride as the nitrogen source. Furthermore, protease activity was significantly enhanced during growth on proline in the absence of ammonium chloride or urea. In contrast, neither ammonium chloride nor urea significantly affected protease activity during growth on glutamate, and the activity was also unaffected by the concentration of glutamate (0.05 to 0-6%, Protease activity was also affected by the final pH of the culture (low pH < high pH). The latter was usually in the range 6.7 to 7-1 following growth on most carbon substrates in the presence of ammonium chloride, but was above this range following growth on pyruvate (7.4), glutamate (7.5 or 8.1 depending on the pH of the phosphate buffer used in the growth medium) and acetate (8.0), where presumably the extensive uptake of these weak acids in cotransport with H+ caused substantial alkalinization. The final pH of all cultures grown in the presence of ammonium chloride was approximately 0.5 units lower than in its absence, presumably because w/v). (2) 1.81 fO.23 (7) 2.58 f 0.28 (4) 2.76 f 0.32 (7) 1.26 f 0.1 1 (5) 2-08 f 0.16 (3) 2.51 fi 0.18 (4) 1.65 0.04 (4) 3.45 If: 0.20 (8) 3.95 f 0.21 (10) 0-91 f 0.03 (2) 1.28 f 0.12 (6) 0.93 f 0.07 (3) 1.28 f 0.19 (2) * The growth medium contained phosphate buffer pH 6.5 instead of the usual 7.5.
it dissociates into ammonia and H+ externally and hence causes acidification, whereas the internal release of ammonia from urea or amino acids does not affect the external pH. The ability of urea and ammonium chloride to decrease protease activity significantly during growth on proline, but not on glutamate, may therefore indicate that suppression by these two nitrogen sources is subservient to stimulation by a very high external pH ( 2 8). Similarly, the ability of urea to repress protease synthesis during growth on pyruvate or galactose, but not on glutamate, suggests that a high external pH (reversed ApH) is a particularly potent signal of carbon/energy starvation in this organism. These results suggest that the regulation of protease synthesis in Thermus Ok6 occurs in a manner which is consistent with repression/derepression rather than induction. Derepression of protease synthesis occurs under conditions of carbon/energy starvation, viz. (i) oxygen limitation, (ii) slow growth rate (and hence a low rate of catabolite flux), (iii) high external pH (leading to a reversed ApH across the cytoplasmic membrane), and (iv) highly oxidized carbon substrate, all of which would tend to lower the protonmotive force and hence decrease the intracellular phosphorylation potential and energy charge (see for example Kashket, 198 1 a, b) .
Protease production is also subject to repression by various nitrogen sources, the order in which they are effective (urea > ammonium chloride > amino acid) probably reflecting their ability to increase the steady-state concentration of ammonia within the cell. These results therefore support the view that the role of the extracellular protease of Thermus Ok6 (and probably of other New Zealand strains of Thermus) is to act as a scavenger of carbon/energy or nitrogen, i.e. to hydrolyse extracellular protein into a mixture of amino acids and small peptides which can subsequently be transported into the cell to alleviate starvation. Some of these conclusions, either singly or in various combinations, have previously been drawn with respect to the IP: 54.70.40.11
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Eflect of growth conditions on the protease activities of culture jiltrates of other Thermus strains
Less extensive investigations of other Thermus strains revealed significant inter-strain differences in protease activity of culture filtrates following growth under oxygen-limited conditions on minimal medium supplemented with trypticase peptone (0.005 %, w/v) plus yeast extract (0-005%, w/v) and either sucrose or glutamate as carbon source (Tok3 > Wai4 > Ok6 > Rt6Al > Wai8 > Rt4Al > Wai6 > Tok4 > T351 > Tok9 > OhA1). Protease activity following growth on glutamate was significantly higher than on sucrose.
Comparison of protease activities in culture jiltrates and supernatants of Thermus Ok6
The protease activities of culture supernatants prepared by low-speed centrifugation of Thermus Ok6 cultures grown under oxygen-limited conditions were much lower than those of the corresponding culture filtrates, which suggested that the activities reflected the different shear forces exerted by the two procedures (filtration > centrifugation). This was particularly marked with cultures grown in low concentrations of trypticase peptone plus yeast extract ( < 0.1 %, w/v, total concentration) where the supernatant activity was only approximately 7% of the filtrate activity (Fig. 1) ; above this threshold concentration, substantially higher levels of protease activity were released into the culture supernatant.
The protease activities of culture supernatants prepared by low-speed centrifugation of Thermus T351, Tok3 and Tok4 also varied inversely with the concentration of trypticase peptone plus yeast extract in the growth medium, but even at a total concentration as low as 0.01 % (w/v) the culture supernatants contained as much as 40% of the filtrate activity. Indeed, a wider screen of Thermus strains grown under these latter conditions with either sucrose or glutamate as carbon source revealed that up to approximately 90% of the protease activity could be released into the culture supernatant by low-speed centrifugation. These results indicate that the proteases bind to their respective cells with different affinities (Ok6 > Wai8 > Wai6 > OhAl > Wai4 > Rt4A 1 > T351 > Rt6A 1 > Tok9 > Tok3 > Tok4), all of which are insufficient Table 3 . Eflect of growth conditions on.the release of Thermus Ok6 protease activity into culture supernatants Thermus Ok6 was grown at 70 "C under either high-aeration (excess oxygen, exponential phase) or lowaeration (oxygen-limited) conditions on various media, and culture supernatants were prepared by centrifugation for 10 min at either 5300 g (A) or 13400g (B) as described in Methods. Protease activity was assayed using azocasein and is expressed as a percentage of the activity in the corresponding culture filtrate. 4 f 2.7 (4)  16.6 f 0.8 (5)  51.1 k4.1 (3)  58.7 f 3.1 (6)  5.4 0.5 (2) 28.1 f 2.5 (2) 6.1 f 0.4 (9) 31.0 f 3.0 (4) 6.9 k 1.4 (3)
Release of protease activity (%)
Aeration
29.3 f 8.1 (3)  34.4 f 0.1 (2)  9.4 f 0.8 (7) 40.5 k 2.6 (4) 10-7 f 1-2 (9) 60.0 & 6.6 (4) 7.5 k 0.7 (4) * TP, trypticase peptone; YE, yeast extract.
t The growth medium contained phosphate buffer pH 6.5 instead of the usual pH 7.5.
to withstand the high shear forces exerted by filtration (compared with low-speed centrifugation) or the high ionic strengths afforded by growth in rich medium. The release of protease activity from Thermus Ok6 cultures by centrifugation was also affected by the degree of aeration (agitation) and the nature of the carbon source during growth, and by the relative centrifugal force to which the culture was subsequently exposed ( Table 3) . Significantly more of the total activity was released into the culture supernatant following growth at high aeration than at low aeration (particularly in rich medium), by centrifuging the culture at 13440 g compared with 5300 g, and by growing the cells on glutamate rather than on sucrose, sorbitol or galactose. The first two observations suggest that the enzyme is released by exposure to moderately high shear forces, whereas the high release during growth on glutamate probably reflects the high pH generated by this substrate (the release of protease activity was significantly diminished when the final pH of the culture was restricted to pH 7.5 compared with 8.1).
These results show that the extracellular protease of Thermus Ok6 (and of several other Thermus strains) is loosely attached to the cell during growth on minimal media, but can be solubilized in vivo by increasing (i) the concentration of trypticase peptone plus yeast extract, (ii) the degree of aeration (i.e. agitation), and (iii) the culture pH. To our knowledge this is the first report that the growth environment can regulate the extent to which an extracellular protease binds to the cell surface.
Release of cell-associated protease activity
When Thermus Ok6 was harvested by low-speed centrifugation, the cell-associated protease activity could be released by vigorously resuspending the cells in selected media and then recentrifuging ( Table 4 ). This procedure was particularly effective when the cells were washed in moderately high concentrations of inorganic salts [e.g. 100 mM KC1, NaCl, NH,Cl, K2S04, Na2S04 or (NH4)2S04], organic acids, polar amino acids and proteins (e.g. 2%, w/v, citrate, glutamate or lysine, bovine albumin, trypticase peptone or yeast extract). In contrast, valine, various carbohydrates (e.g. 2 %, w/v, sucrose, galactose, sorbitol), urea or propan-2-01 were relatively ineffective releasing agents.
Resuspension in either distilled water or 5 mwphosphate buffer, pH 7.5, appeared to enhance the binding of the protease to the cells to such an extent that the subsequent filtration of the cell suspension failed to release a significant amount of activity, although most of the activity could be released by washing in 100 mM-ammonium sulphate or 2% (w/v) lysine. Protease production in New Zealand Thermus Table 4 . Release of protease activity from Thermus Ok6 by washing in various media Thermus Ok6 was grown at 70 "C under low-aeration (oxygen-limited) conditions in a minimal medium supplemented with glutamate. Cell pellets prepared by centrifuging 1.4 ml culture samples for 10 min at 5300 g were resuspended in an equal volume of a potential releasing agent (washing medium) and then recentrifuged. The protease activities of the resultant supernatants were assayed using azocasein and are expressed as a percentage of the activity of the filtrate (after correcting for the small amount of activity in the original cell pellet). The ability of Thermus Ok6 and other strains of Thermus to tether extracellular proteases to their cell surface, rather than allowing them to diffuse away, probably enhances their capacity to accumulate the resultant small peptides and amino acids, and hence to conserve energy. It follows, therefore, that other extracellular hydrolases might also be expected to be cellassociated. Indeed, after making due allowances for the effect of cell lysis on stationary phase cultures, many bacterial cellulases and pullulanases appear to be associated with the cell envelope, albeit with varying affinities (see, for example, Enari, 1983; Hyun & Zeikus, 1985; Plant et af., 1986) . In contrast, most a-amylases are reported as being soluble enzymes, although in view of the results described above it is possible that they are bound very loosely to the cell surface and are readily released during harvesting.
Partial puriJication of the protease from Thermus Ok6
The observation that the protease activity of Thermus Ok6 is loosely attached to the cells during growth under low-aeration conditions in minimal media (or in media which contain only trace amounts of trypticase peptone plus yeast extract), but can be washed off the harvested cells by exposing them to selected releasing agents, clearly suggested a simple method for the partial purification of the enzyme. When such a method was used on a small scale with 100mMammonium sulphate as the releasing agent the enzyme was purified almost fivefold with a yield of 84%. When a distilled water wash was introduced between the original harvesting and the final release with ammonium sulphate, the purification. was slightly increased but was accompanied by a small decrease in yield.
This procedure affords a rapid and simple small-scale method for the partial purification of the protease from Thermus Ok6, and probably from some other Thermus strains, which it might be possible to scale up to form the basis of a greatly improved purification procedure for these potentially useful enzymes. A similar, small-scale procedure has recently been described for the isolation of a loosely bound protease and peptidase from the mesophile Streptococcus cremoris (Geis et al., 1985) . SDS-PAGE, followed by a casein overlay, indicated a single protease ( M , approximately 35000) and confirmed that the enzyme was present in both the original culture filtrate and the ammonium sulphate extract, but not in the culture supernatant produced by low-speed centrifugation. The M , was close to that previously measured by SDS-PAGE for the serine proteases of Thermus Tok3 (Saravani, 1985) and T. caldophilus GK24 (Taguchi et af., 1983) , but was significantly higher than the values reported for aqualysin I from T . aquaticus YTl (Matsuzawa et al., 1983) or caldolysin from Thermus T351 (Cowan & Daniel, 1982) .
